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Abstract 
The paper describes a fluid dynamic numerical model to study the fouling mechanism for turbomachines (such as 
large gas turbines and small turbochargers). For this purpose, the gas-particle behaviour over a compressor blade is 
modelled using an open source CFD tool, OpenFOAM®. Through this model, two-fluid implicit equations system, 
with Eulerian-Eulerian approach is considered. This approach uses RANS turbulent models and also takes into 
account the particle fluid interactions. Applying Johnson-Kendal-Robert (JKR) theory, the particle deposition over 
the blade surface is predicted. According to the simulation results, there are certain regions which are facing the huge 
amount of deposition. The surfaces of these regions are prone to form an almost thick layer of sticked particles and 
affect the boundary layers and blade aerodynamics significantly. In order to capture this effect, a model to predict the 
deformation of the boundary with respect to deposition rate is also introduced.  
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1. Introduction 
There are various mechanisms for deterioration in gas turbines. Among them, the four main 
mechanical degradation mechanisms are: fouling, erosion, damage, abrasion [1]. Fouling phenomena is a 
major cause of performance deterioration in turbomachines. Mostly, it results in a significant reduction in 
efficiency of compressors. Fouling is the process of contamination of the surfaces with the particles 
transported by the working fluid. They form a layer over the surface, which will increase the surface 
roughness and change the aerodynamics of the blades, resulting in a significant decrease in performance. 
The deposition rate can be affected by size, amount, and chemical nature of the aerosols [2].  
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The development of fouling models in turbomachinery has been a concern for several decades. Based 
on particle entrainment mechanism developed Fuks [3]. Tarabrin [4] proposed an analytical integral 
model using geometrical entrainment. They calculated deposition rate as a function of bulk stokes number 
and geometry for the axial compressors. According to widespread development of numerical calculation 
methods in fluid dynamics, various attempts have been performed to numerically model the deposition 
process in particle-entrained flow problems.. The key point in the models is to capture the phase 
interference in momentum equation. The first models considered the drag force as the main phase 
intervention term in momentum equation, and solve the governing equations defining volume fraction. 
More sophisticated models have been developed through the time both in Lagrangian [5-7] and Eulerian 
[8-12] approaches, encountering all the possible interferences to be applied to momentum equation in the 
terms of virtual mass force, drag force, lift force, Basset force, etc. Applying these terms make us to solve 
the momentum equations implicitly that will significantly increase the complexity of the problem. 
However, a more simplified approach assumes the dilute particle-laden flow, which ignores the effect of 
particle portion on the main fluid dynamics [13, 14]. Through this paper a two-fluid model is used with 
Eulerian-Eulerian approach. The solver is already implemented in the open-source software, 
OpenFOAM®. In this work, the solver is modified in a way to be able to predict the rate of deposition on 
the surface as well as the resulted surface deformation through the time.  
 
Nomenclature 
ߙ Phase volumetric fraction 
U  Velocity (m/sec) 
ߩ Density (kg/m3) 
g Gravity acceleration (m/sec2)  
p  Pressure (Pa) 
ߠ Granular Temperature (m2/sec2) 
ߛ Specific surface energy (kg/sec2) 
R  Average radius of the particles (m) 
K Spring factor of the elastic body 
2. Numerical Method 
Through this research a particle deposition model is added to the solver to calculate the volumetric rate 
of deposition at boundary cell faces. According to the deposition amount, the surface will be displaced. 
Therefore, a solver is developed to calculate and apply the change in geometry to the solution process.  
2.1. Governing Equations 
To capture the fouling effect a two-fluid model is used. Distributed particles are considered as a 
secondary continuum phase [15], while the model tries to captures the phase interference and related 
changes in governing equations. For such a fluid system a volume fraction can be defined for each phase. 
Therefore, continuity should be conserved for each phase separately. In contrary, the momentum equation 
is changed according to the interaction between two phases. This interphase momentum transfer term 
appears as a source term for each phase (see equation 1).  
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The momentum transfer includes various interaction phenomena in terms of force [16]. Drag and lift 
force, virtual mass momentum, and Basset force are the major terms [17]. Gosman [18] claimed that only 
drag force has significant effect. However, in current research the other sources are taken to account. 
The turbulence model is also based on the two-fluid assumption. There are main reasons why the 
model deviates from the standard one fluid model, such as random stirring in the flow made by particles, 
the wake produced behind particles, or particle intervention in turbulent eddies. Gosman [18] proposed a 
two-phase turbulence model consisting of the standard  െ ɂ  model by solving the phase-combined 
transport equations for  andɂ. In another approach Van Wachem [19] used gas kinetic theory to describe 
the phase stress produced by kinetic and collisional contributions separately for particle phase in solid-gas 
flows. The original work is produced by Lun [20]. In this method the Granular temperature ȣ is defined 
to express particle fluctuations [19]. 
 ȣ ൌ  ଵଷ ȁܷᇱ௣
ଶȁ          (2) 
According to this definition, the granular energy and the dissipation rate transport equation can be also 
derived as a function of ȣ  [19]. To extract the pressure flow properties such as solid pressure and 
viscosity as a function of ȣ several models have been developed [20, 21]. In this research, the multiphase 
turbulence model is selected based on the kinetic theory approach [20]. 
2.2. Deposition Model 
The deposition is a stable state of sticking particles in contact with the surface. The margins of 
situation, in which the particles do not leave the surface after impact, is revealed by the contact mechanics 
theory. In this study the Johnson-Roberts-Kendall model is used to predict the behavior of the particles 
after meeting the turbomachine surface [22]. Thornton and Ning [23] used JKR model to calculate the 
critical impact velocity (see equation 3). The particles that hit the surface with higher velocities will be 
bounced back, while lower velocity guaranties the sticking to happen. 
௦ܷ ൌ ͳǤ͸͹ሺ௄
మఊఱ
ఘ೛యோఱ
ሻଵ ଺ൗ          (3) 
This deposition model is also used in similar studies [24, 25] but with Lagrangian approach. 
2.3. Mesh motion model 
The mesh moving model consists of a standard transport equation written on relative velocity of the 
flux respect to boundary patches. The mesh moving must satisfy the space conservation law and preserve 
the spatial consistency. However, the proper equation (Piola-Kirchhoff) is nonlinear and too heavy to 
solve. To increase the velocity of the solver we can introduce two simplified equations. The first equation 
is Laplacian scheme. The other equation is Linear Pseudo-Solid (LPS) scheme. Both methods introduce 
some errors, because the conservation law in these cases isn't exactly satisfied. The Laplacian and the 
LPS methods are suggested for irregular deformation of the boundaries, such as fouling problems [26]. 
The calculation process starts from boundary's point displacement, which must be provided. Then, the 
solver will make the mesh smooth using one of the two equations. In OpenFOAM, the Laplacian scheme 
for motion solver has been implemented to diffuse the boundary motion to the internal mesh points. The 
boundary points are displaced in order to reproduce the growth of the deposited layer. This boundary 
motion is then diffused into the internal points with a diffusivity coefficient which is inversely 
proportional to the point distance from the moving boundary. To efficiently exploit the numerical 
framework of the code, cell based displacement is solved and then the solution is interpolated on the 
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points. This usually leads to efficient and fast solution of the point motion equation, but implies 
difficulties in controlling the mesh quality when large deformations occur.  
3. Case study 
The case study selected as a two dimensional flow over a blade. Borello, Rispoli and Venturi [24] 
modeled the same case in 3D with Eulerian-Lagrangian approach. The original Geometry related to a  
study on a cascade containing blades of GE rotor B experimentally [27]. 
Solution in two dimensions allows us to avoid mesh related complications. The mesh contains about 
20k structured cells (figure 2). The refinement process in this case is restricted by thickness of deposition 
which will increase the possibility of divergence in mesh motion solver. Therefore, the cells at the 
boundary were designed in a way that they would be far bigger than the amount of deposition thickness, 
and at the same time they had to be fine enough to capture fields inside the boundary layer. The mesh was 
created by automatic commercial software and is structured rectangular. The maximum non-orthogonality 
is kept under 30 degrees. To form a boundary layer around the blade a simple grading with the ration of 
1.1 was used which leads to maximum aspect ratio of 6.8. 
 
Fig. 1. Generated 2D mesh for GE rotor B single blade 
A PISO algorithm with adequate non-orthogonal correctors was selected to obtain the acceptable 
solution. The solver uses PISO algorithm for each phase and solve the system of equations implicitly. To 
predict the turbulence term, the Kinetic Theory model developed by Lun [20] is used. A particle-laden air 
flow with constant subsonic speed (U=25 m/sec) passes through the blades horizontally (similar to 
original experimental study). The effect of different dust concentration and change in fluid velocity are 
investigated. To model the contact mechanics the density of the particles are considered 1200݇݃ ݉ଷΤ , the 
adhesion energy to 0.12݇݃ ݉ଶΤ  [24], the overall spring factor ͻ ൈ ͳͲିଵଵ , and the particle average diameter to 1 
micron.  
4. Results and Discussion 
It is expected to observe the deposition film on the surface of the blade mainly at two spots. At the 
leading edge when particles directly hit the surface and in the tail of the blade at pressure side when 
according to the tail wake we will have a huge gradient (deviation) for the main flow (figure 3). Looking 
at the results reported in [24] at the center of the blade’s height (to avoid the secondary vortex flow at hub 
as well as tip clearance effects) the same result is reported. 
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(a)    (b)  
Fig. 2. The deposition at leading edge(a) and tail (b). red lines show the deposition and the black lines show the original surface. 
As stated above, this change in profile shape will influence the flow aerodynamics around the blade. 
Figure 4 reveals the effect of deposition formation on the boundary flow over blade at leading edge and 
blade tail. The steady state results without fouling are also shown. The comparison between two cases 
illustrates that not only the resulted surface roughness can change the flow pattern over the surface, but 
also they can make local instabilities that can influence the flow turbulence behavior.  
 
(a)                                        (b)                                         (c)                                         (d) 
Fig. 3. Velocity vectors for steady-state single phase solution at (a) leading edge (b) tail, and the same vectors for the blade under 
fouling effect after 2 sec (c) leading edge (d) tail. 
The effect of the particle concentration is also studied in this research. Figure 5 shows the evolution of 
fouling layer in terms of volumetric rate around blade profile for different initial particle concentrations. 
The results show that the dependency of deposition on the concentration is not exactly linear. The 
nonlinearities might happen according to the change in roughness of the deposited surface as well as 
alternation in boundary layer flow regime due to phase interaction forces. Also, different velocity studies 
depicted that increasing in flux will affect the deposition behavior in an almost linear manner. In other 
word, the effect of the fluid speed on nonlinear terms that affecting deposition is insignificant in 
comparison with the effect of phase interaction. As the concentration increases the nonlinear terms of 
phase interaction forces and granular turbulence will also appear more significantly in momentum 
equations, which lead to nonlinear behavior in deposition process. 
 
 (a)  (b)  
Fig. 4. The volumetric deposition (a) for three different concentrations (b) for two inlet gas velocities 
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5. Conclusion 
This study was dealing with implementation of particle deposition model in a two phase Eulerian-
Eulerian solver. Also, the effect of the fouling phenomena on the geometry of the blade is modeled by a 
mesh moving solver. The results show the significant change in flow regime around the blade profile. The 
fouling films formed at the leading edge and mostly at the pressure side of blade tailing edge, which are 
also reported by three dimensional models and experimental studies. 
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